


“Since the'disCOvery of HTSC‘[illspecial attention has:beenv‘

“1.Introduction ;,_m e ben e

givenvto‘the structural phase: transition’ (SPT) in perovskite-like

compounds: 'L M CuO (H-Sr Ba, Ca).

2 x % It has been‘shown (see[?e41)

Lthat SPT3from the tetragonal Ds (HTT) to orthorhomblc D

’phase‘is caused by condensatlon of ; the rotatlonal t11t1ng mode

;with»wave'vectors q —n/a(i 1, O) a —n/a( 1 1, 0) at the temperature

'of ‘SPT T The latter drops rap1dly as the concentrat1on of 1mpur1— v'“

'ties 1ncreases. To(x)~To(1-ax) [5 6] :‘I o 1't ‘ﬂa

At the same t1me,.another SPT was observed in La

.‘(at T <60K for 0 05<x<0 2 ) at wh1ch ‘the, system undergoes tran—}!

s1tlon to a~ low temperature tetragonal D (LTT) phase

;»‘Invest1gatlon of the superconductlng propertxes fori these com:7‘ “

pounds have revealed an abrupt decrease of

‘ temperature T .U

"and Hall effect at X =0, 12 Also the anomalous 1ncrease of 1soto—>'

‘

z‘;p1c effect was observed 1n La Sr CuO

fconcentrat1on for the LTT phase a~0 6 at x=0, 12 [9]

- 1nd1cate correlatlon between structural anoma11es and, superconduc—h"‘

‘;itiv1ty The hlghly anharmon1c character of the 1att1ce v1bratlonsi“‘”‘

'swas, observed in 1ne1ast1c neutron scatterlng [10] :Af

"softenlng of some of the elastlc constants at SPT. Wthh 1mp11es ]tf‘ff~’“t

" the interectlon between strains 'and;vthef

‘fobserved [11 12]

‘\Investxgatlons of the SPT HTT—*LTO 1n the framework of theV'

: m1croscop1ca1 model have been proposed 1n [13]

the local normal coordlnates iwere con51dered

(LT'o)‘ 7

Ba CuO
[7 8]‘

superconduct1v1ty

and anomalous behav1or of the thermoelectr1c power;’v""‘i

in ‘the same reglon‘off

These results‘

~strong$"
_soft.jmode vwasfoalso”
The v1bratlons 1ny4

However, only oxy—fj

o ‘gens 1n CuO plane were taken 1nto account exp11c1tly wh11e the s

apical oxygen vibrations were considered by means of renormaliza-
tion of the momentum of inertia. ‘

In this letter a generalization of the model [13] is proposed
where apical oxygen vibrations and their interactions with strains
are taken into account explicitly. The model parameters are
estimated by microscopical calculations of the potential energy of
the crystal[18] and by using measurements of the elastic

coefficients in acoustic studies [12].

It is shown that the consideration the apical oxygens is important
for determining the sequence of phase transitions HTT--LTO--LTT.
For the calculated model parameters at x=0 the HTT--LTO, phase
transition is realized.To describe the other phase transition
HTT-LTT, a strong x—dependece of the anharmonic constants ,espe-

cially for the apical oxygens , should be introduced [14].

2.The Model Hamiltonian

The total anharmonic Hamiltonian of the LCO compound is written in

the form:
. 1
H=H«+ H+ H (1)
H-T T i L e amr u, K) ug(l', k) +
RT3 L Ug(lix)e Ty B
1,k ll'kk'
B : A(lk)‘+BEZ[U(1R)+U(1K)]+ (2)
*Po 2 L Ugts 14
1, k=152 1,k=3,4
1 2 2
«B_ = YT ul(1,K)ug (1,K) ~
2 2|,k=3),{4 Y

where u (1,k) is an a-th component of the ion displacements of ox-
a -
ygen where k=1,2 stands for atoms in the plane Cqu,and k=3,4 for

the apical oxygen, m is the oxygen mass, kk,

force constant, BD,BI,Bzare the constants of a local anharmonic

interaction. In the Hamiltonian (2)

aB (1-1') is the harmonic

only displacements of the



oxygen ions in the soft mode are taken into account. This mode is
related to the rigid rotation of the CuO6 octahedron as a whole in
the LMCO lattice. By taking into account of oxygen position the in
teraction of the ion displacements in the soft mode with strains

can be written as:

] ;
Hew L Caq(1) [ LU (1K) 955 853 + 913 Bax * 9317850 *

2
;=§ fﬂ(l'k)( 931343 * J1184g * 912(1-8,5)) 1 +

(3)

+Y e,(1) u(l,k) u(l,k) g
1,k=3,4xy X \Y 66

Because of the tetragonal symmetry of the lattice for T>Tothere
exist seven independent components of I caB(l’k)~ caB(l)ls the
static deformation taken into consideration in the long-wavelength

limit. The potential energy of the distorted lattice takes the
form:

. .
H=-YC €¢ : (4)
2 Ly .

To describe the displacements of oxygen ions in the soft til-
ting mode we introduce the local normal coordinates Rl(l) related

to the rotation of the CuOE- octahedra [15-16]:

-

L (IR (1+a8) - R,(1)] (5)

uz(l.k)=

2 2m
where for plane atoms k=1,(2). Local normal coordinates Rh(l) des-
cribe the rotation of octahedra around the axes A=y(X), a is the

- -

lattice constant, El=(1,1,0), 52=(—1,1,0), e is the anti-

a7y
symmetric tensor. For apical ions ( k=3,4 )we have:

U (1K= —E—— e R (1) (6)

/—7‘\ aA3s
2m

2

where A=x(y) for. o=y(x) and m=m(dl/dz) is the effective mass of

the apical oxygen atoms, dx= dy=a/2 and dzare distances between

4

the copper and plane and apical oxygen ions,respectively.In view of

the definition of 1local normal coordinates (5),(6) the
Hamiltonian (1) can be written as:

H = % Yy ¥ Ill(l'l.) él(l)él(l') + % ; Yy v AA-(l_l’)Rx(l)Rx'(l')

117 A 11° AX?
1 , - ’ 4 1 4
+ 3L ¥ 00 R(- RN+ 7 YT R LD+
11 A 1A
7
+3 7 r, RI(LR}, (1) + e
TA A#A’ .
* 1?-1&15 G,y Eaa * Gpy Eaeant G538, 1 7 (LIDRU(DIR 1) +

2
+ Yy Y I G128AA + Gllcl_l,~ G318111 Rl(l)o ; Gﬁﬁcxny(l)Ry(l)+

tq(1-1*)
oy 11 _ 2 .
where Ill(ll ) = 3w Y e [ (1 cosqla)+(dz /dl) 1 is the
q
nonlocal momentum of inertia and VAA,(I-I')is the harmonic force

constant matrix. 7,(11")= % y etatt!

)(1—cosqka),and Fkk(ll');
1 1q(1-1")
=3 § re cosq,a.

1 1

r = B, -—' B, =—>— B
®eam>° ' am ' % 4anm 2
1 1 (8)
G =-1—-g ,G =—1—g , (v#3). _
v3 2m v3 vu 2 m vu

To describe the softvtilting mode We introducethe local nor-

mal coordinates:

1

R ()= (R (1) + R, (1)] (9)
2

Condensation of these rotations for T<T01eéds to static displace-
ments:

<R (1)>= Qseiqsl (10)



where E'S=(?;" ?;'2) is a two-armed star of the wave vector at the X- mode .The SPT temperature is determined by the equation:
point of the BZ and QS(T)/QS(o)=ns,(s=1,2)is a dimensionless order- Qz(q To):o

s s
parameter, |'ns|<1.Furthermore, the frequency of the soft mode in the ' \k Writing now the free energy (13):

E-,

1 2 2 2 2 2,2 4 4
Fi=30i(gp(@ + Q) +u(Q) Q)" + v (Q + Q)+ (45

2 2

harmonic approximation is unstable:
2 _ 2 !
W (a,)= W tq,)<0 (11) ¥

+ ==

2 2 2 2
; {a §: €y t B HQ + Qp +oye (QU-Q) + Fo + V)

T

1

3. The free energy and phase transition a
' s B:G3 + G , ¥= G, U=6FD’ §r1_ gr

where a=G__+G__+G  +G
13 23 11 3 31 66

Let us evaluate the free energy of the model(7) by using the 12 2

v=%1"2- 41"0- ir and v is fluctuational contribution to the
pseudoharmonic approximation [17].To this end we introduce the 41 fl
free energy.

trial Hamiltonian of the system: ’ . -
The phase transition Dih—» sz. takes place when u+v>o,v<o

. . . . { S
Hom 3 z:squ(q)rs(—q)rs,(q) * 3 E:szqwss'(q) r(-a) r (@) (12). | while the transition to the‘D:: ‘phase is possible if u+§v>o,v>o
¢ here
where r (q)=R (q)-<R (q)>. Applying the variational method for 2 .
: " : ‘ ~ 2 a’C, v+ B7(C, +Cypy) ~ 40BC 2
Hamiltonian (7) we have: : ) u=u - P PR A
_ ; 2[(C, .+ C ) —2C.7] 2 C
F-F_ + <H-H>, , F - -TIn[Sp{e "o’T }] (13) \ 1 iz 13 66
‘ - (16)
Using the variational condition for the trial dynamical matrix v-_-v-72/066
(see[18]):
= - = - > N . .
goss,(q) 2 6F1/6<r5( q)l"s,(q)> 2 3<H> /8 <rjs( q)!‘s.(q) . The model parameters can be estimated from the microscopical
i i i ft . . .
we get the following expression for the eigenfrequency o he ,, calculations done in [18]. Therein the energy of the LaZCu04
soft mode: : lattice was calculated as a function of oxygen ion displacements
2 _ _ .2 3 3 2,
Qs(qs'T )_wss(qs'r)_ ws(qs) +[24 Fo+ 2 1"1+ 2 1-‘z I Qs As(T)]+ i These calculations were performed on the basis of the local
3 1 2 )
+ [24 T ST -5 THQ, » 8,00 )(1-8 ) + L (q,). (14) density approximation. Comparing the parameters of the double-
. well potential presented in [18] with F(r=0) in (15) we get
where A (1)= 5} ¥ 7 (qa) <r_(-q)r_(q)> = '
s N & T & s s U % 423 mev>, V % - 246 mev- 17)
_t s s 1 QU(Q) ‘
- R E quWk(q)m(q)'u(q’ 2 Qu(q) cth —=p— {‘ The strain interaction constants «,8,7 in (15) can be estimated
) \ from experimental data [12],
The quantities I"o,l"l,r'zand (%) (qs)are determined in (8),(11)respec~ ' .
. . . L E am 3,7 10 nev? Bz 7,3 10 2mev? 72/0 % 58 mevo (18)
tively.The matrix Lss,(qs) is the strain contribution to the soft * ’ ' ’ ' 56 )
. f,(
g
[
!
7



—_—

Inserting (17),(18) we find out that ;<0, u+v>o i.e.for these pa-

rameters the HTT-LTO phase transition is realized.

4. Discussion

In the ©present paper, the microscopical model of the
anharmonic lattice dynamics for La_Cu O, in terms of rotational
coofdinates Rx(l) for octahedra Cuo6 has been proposed.The free
energy (15) and the frequency of the soft tilting mode (14) were
calculated to analyse structural phase transitions HTT-LTO-LTT. In
the model apical oxygen displacements were explicitly taken into
account, which resulted in new terms both in the anharmonic inter-
action ~ FzRi(l)Ri(l)and in the interactién with an elastic strain
~G66Rx(1)Ry(1)exyunlike [13].These terms are important for esti-
mation of the constants in the free energy expantion (15) because
they determine the sequence of two SPT.

By estimating of the model parameters (17) from the micro-
scopical theory [18] and by taking into acCoﬁnt measurements [12]
it has been shown that we may get only the SPT from ‘the HTT-LTO
phase. However, the second phase transition was observed in expe-
riments [7,8] for Ba doped samples while for S5r doped ones it was
not clearly seen:As far as electronic structures of Ba and Sr
atoms are similar such difference can be accotiated only with the
difference in ion radii:Ba(i,ZQA). Sr(1,10A) and 'La(1,04A). Their
values are important for the determination of anharmonic cons-

tants: l"o,l"1 and inn our medel. Especially; the strong anharmonic

behaviour is observed for displacements of apical oxygens which

characterized by cmonstant. Supposing dependence of the F2 and
Foﬂzconstants on x we can get a change of the sign of v(x) to
obtain ;>o or r}(x)>ro(xy+7%;rl(x) in (17).This x-dependence of
the anharmonic constants was proposed in phenomenological model
{14]. Therefore,to prove this consideration it is important to cal
culate the microscopical constants in doped system. In the case of
doped materials one should also take into account electron-phonon
interaction for-holes on oXxygen sites. This interaction is also
important to describe the .anomalies of electronic properties in

LTT phase [8].
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AuHamuyeckan moaens CprKTypHOl‘O d)aaoBoro '

‘i:nepexop.as La CuO

npe.u.nomeHa MUKPOCKONUYECKan aHrapMOHuqeckan Mozens, nuHaMMRM

peleTku KpucTannos. Lag_ xMxCuO4 ANA ONUCEHUA MArKOii POTauMOHHOM

MO,Cl,bI a TaKxe ee. Baanmop.eucrsnn [ p.e(tlopmauunMu. Bbl‘IMCneHa CBOGOD,'

© HaA 3HEPrUA U PaccMOTpeHbl CprKTyprle cbaaoBble nepexoppt pl7,pl8, ple

2h 4
Ann onncann ‘aToM nocneuosaTeanomn d)aBOBbIX nepexonoe Heosxop,um%

s npennonomurh cuanle KOHueHTpauMOHHyIO 3aBMCMMOCTb KOHCTaHT aHrap- 4

MOHH3MB

- PaboTa BbinonHena B flaGopaTopuu TeopeTnuecko tuanku OVAN.

Mp gnpmr O6%emMHenHOTO HHCTATYTA tmlepr-mlx‘ HCCITeJOB aHHIA. Hy6ua 1991
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l‘dence of’ anharmonlc constants especlally for aplcal oxygen dISpIacementsf

- i N
Plak’daNM Krasa‘”"SE RN D Y  E17.91-150
] A Dynamrcal Model of Structural Phase R L I
j_r,’Transmon in LazCuO4 B I
A mrcroscoplcal model of anharmomc Iattrce dynamrcs for L“z-x xC“°4

The rnvestrgatlon has been performed at the Laboratory of Theoretlcal
Physrcs JINR ' ' : ' ) ' ’




